Purpose. The acidic microclimate pH (µpH) distribution inside poly(lactic-co-glycolic acid) (PLGA) microspheres was monitored quantitatively as a function of several formulation variables. Methods. A ratiometric method by confocal laser scanning microscopy with Lysosensor yellow/blue ® dextran was adapted from those previously reported, and µpH distribution kinetics inside microspheres was examined during incubation under physiologic conditions for 4 weeks. Effects of PLGA molecular weight (MW) and lactic/glycolic acid ratio, microspheres size and preparation method, and polymer blending with poly(ethylene glycol) (PEG) were evaluated. Results. µpH kinetics was accurately sensed over a broadly acidic range (2.8<µpH<5.8) and was more acidic and variable inside PLGA with lower MW and lactic/glycolic acid ratio. Lower µpH was found in larger microspheres of lower MW polymers, but size effects for lactic-rich polymers were insignificant during 4 weeks. Microspheres prepared by the oil-in-oil emulsion method were less acidic than those prepared by double emulsion, and blending PLGA 50/50 with 20% PEG increased µpH significantly (µpH>5 throughout incubation). Conclusions. Coupling this method with that previously developed (SNARF-1 ® dextran for µpH 5.8-8.0) should provide microclimate pH mapping over the entire useful pH range (2.8-8.0) for optimization of PLGA delivery of pH-sensitive bioactive substances.
INTRODUCTION
With the tremendous growth of biotechnology and the recent explosion of human genomic information, protein drugs are being developed at a fascinating rate. In order to eliminate the inconvenience of repeated injections, enhance their therapeutic effect, and increase patient compliance, poly (lactic-co-glycolic acids) (PLGAs), as biodegradable and biocompatible polymers, approved in numerous products by the US Food and Drug Administration (1), have been extensively investigated as carriers for controlled delivery of peptides, proteins, and vaccine antigens (2) (3) (4) (5) (6) (7) (8) . However, due to the extended time of bioerosion of PLGA, insufficient stability of encapsulated bioactive substances during their release has been a principal obstacle for successful development of PLGA delivery systems (9) (10) (11) (12) . Although it has long been recognized that a low pH can exist in PLGA delivery systems during incubation as a result of acidic polymer impurities and the build-up of acidic polymer degradation products (1, (13) (14) (15) , the acidic microclimate pH (μpH) has been definitely implicated only recently as a principal stress for the instability of encapsulated acid-labile proteins (1, 9, 16) . Controlling μpH by co-encapsulation of poorly soluble bases in the polymer system improved protein stability and release kinetics, as demonstrated in studies with bone morphogenetic protein-2 (16), basic fibroblast growth factor (16) , tetanus toxoid (17) , and tissue plasminogen activator (18) . Therefore, quantification of μpH and elucidation of important factors affecting μpH in polymer system are critical for furthering our understanding of PLGA delivery systems, and developing μpH control methodologies in formulation design.
Several techniques have been examined to quantify μpH in PLGA matrix, including 31 P nuclear magnetic resonance (NMR) (19) , electron paramagnetic resonance (EPR) (20) , potentiometry (21) , and confocal fluorescence microscope imaging (13, 22, 23) . Besides the fact that the first three techniques can only provide the general picture of μpH, the NMR method was limited by the possibility and extent of 31 P penetration through polymer matrix (19) and EPR relied on the mobility of spin-labeled protein that may be affected by viscosity changes in the microenvironment. Although potentiometric measurements can rapidly determine pH inside polymer electrode-coating films (21) , the correlation between pH measured between electrode surface and polymer coating and smaller size systems such as microspheres may be difficult, due to the unique microstructure and transport characteristics inside microspheres.
Confocal fluorescence microscope imaging, on the other hand, can directly visualize μpH details in small size polymer device such as microspheres by encapsulation with pHsensitive probes. However, due to the effect of concentration on measured fluorescence intensity and the inconsistent distribution of dye concentration in aqueous pores, the methods of encapsulation of fluorescein by Shenderova et al. (13) was only semi-quantitative. In order to eliminate the concentration effect and measure acidic pH, Fu et al. (22) encapsulated two dextran conjugated dyes SNARF and NERF, and the images at two emission wavelength were taken and their intensity ratio was calculated and correlated with μpH. However, both of the dyes emitted in the green range (535 nm for NERF and 580 nm of SNARF), giving rise to poor resolution without a narrow bandwidth detector. Because of the high noise-to-signal ratio from the ratio images, the prediction of pH is also expected to be semiquantitative. Recently, our group described the development of a ratiometric measurement by encapsulation of dextran-SNARF-1 ® conjugates, which provided accurate pH maps in the neutral pH range (5.8<μpH<8.0) (23) .
PLGA microspheres have been studied extensively during past two decades, for example, development of leuprolide acetate (24) (Lupron Depot ® , Takeda Chemical) and human growth hormone (6) (Nutropin Depot ® , Genetech). The advantage of direct subcutaneous or intramuscular injection without the surgical need of inserting implants and device removal after use, has made PLGA microspheres a particularly ideal delivery system. It has been found that besides other variables, polymer composition (i.e., lactic/ glycolic acid ratio) (25) and molecular weight (26) , preparation method (27) , and blending with other polymers (28) all play the important roles in affecting protein release and stability from PLGA microspheres. Concomitantly, during these experiments, pH of the outside incubation medium was commonly monitored, and often found to decrease (27, 28) , suggesting acid liberation rate and μpH kinetics in the polymer can be altered by formulation variables to affect drug stability and release.
However, release media pH changes are only indirect reflections of μpH, and formulation design until now has suffered due to a lack of accurate measurement of the acidic μpH distribution kinetics. Therefore, in this study, we have expanded our neutral scale pH mapping (pH 5.8-8.0 (23)) and directly quantified acidic μpH (2.8-5.8) distribution inside PLGA microspheres noninvasively as a function of important formulation variables. With the obtained knowledge, we hope to not only further improve the understanding of μpH development and future theoretical analysis and validation, but also to provide a solid basis for future formulation design and estimation of protein instability pathways.
MATERIALS AND METHODS

Materials
Poly(D,L-lactic-co-glycolic acid), end capped, 50/50 with an inherent viscosity (i.v.) of 0.2 and 0.6 dl/g, and 85/15 and 100/0 (both i.v.=0.6 dl/g) were generously provided by Alkermes Inc. (Cambridge, MA). The fluorescent pH sensitive probe Lysosensor yellow/blue ® dextran (MW=10 kDa) was purchased from Molecular Probes (Eugene, OR). Poly(ethylene glycol) (PEG, MW=17 kD) was purchased from Sigma-Aldrich (Fluka) (St. Louis, MO) and poly(vinyl alcohol) (PVA, 9-10 kD, 80% hydrolyzed) was from Polysciences (Warrington, PA). All other chemicals were of analytical grade or higher and purchased from commercial suppliers.
Preparation of PLGA Microspheres Encapsulated with Acidic pH Sensitive Probe
Dextran (MW=10 kD) conjugated Lysosensor yellow/ blue ® as an acidic pH-sensitive probe was encapsulated in PLGA microspheres either by w/o/w or o/o solvent evaporation/ extraction microencapsulation methods. One milliliter methylene chloride or acetonitrile was used for all polymer solutions. In the w/o/w method, 100 µl dye solution was added to PLGA 50/50 (300 mg/ml for i.v.=0.6 dl/g, 700 mg/ml for i.v.=0.2 dl/g) or PLGA 85/15 or 100/0 (300 mg/ml) in CH 2 Cl 2 solutions. The mixture was homogenized (Virtis IQ 2 , Gardiner, NY) at 7,500 or 5,000 rpm for 1 min in order to prepare 45-65 µm and 90-125 µm microspheres respectively, and then 1 ml of 2% PVA solution was immediately added. After vortex, the final emulsion was poured into 100 ml of 0.5% PVA solution under stirring and hardened for 5 h at room temperature. The hardened microspheres were sieved and washed by water for three times, and then collected by centrifugation followed by lyophilization on a Labconco freeze dryer (Kansas City, MO) for 72 h. In the o/o method, the dye powder was prepared by dissolving dye in double distilled water and then followed by freeze-drying. The freeze-dried dye powder was suspended in PLGA 50/50 (i.v=0.6 dl/g, 300 mg/ml or i.v.=0.2 dl/g, 500 mg/ ml) in acetonitrile solution, and homogenized at 5,000 rpm for 2 min. Then the mixture was added dropwise to 100 ml cottonseed oil containing 5% span 85 and hardened under stirring at 750 rpm at room temperature. After 5 hr, 100 ml petroleum ether (bp, 50-100°C) was added to cottonseed oil bath to further extract the remaining acetonitrile. After the additional 15 min of stirring, the microspheres were sieved, washed with petroleum ether, and lyophilized as described above. In some cases, PEG was added to the PLGA (50/50)/ acetonitrile solution at 20% (w/w of PEG/PLGA).
Confocal Laser Scanning Microscopy for Microspheres Imaging
A ratiometric method based on imaging with a Carl Zeiss LSM 510 confocal laser scanning microscope (CLSM, Carl Zeiss Microimaging, Inc., Thornwood, NY) was developed to map the microclimate pH distribution inside PLGA microspheres, similarly as described (23) . The instrument was equipped with an Enterprise UV laser and a Carl Zeiss inverted Axiovert 100 M microscope. The fluorescent dye was excited by UV laser at 364 nm and two filters (450 nm, 520 nm) were used in conjunction with a Plan-Neofluar 60× water immersion objective lens with numerical aperture of 1.2 to build images. The laser power was set at 150 µW, and the detection gain was set at 710. The pinhole was 169 µm, which resulted in an optical slice of less than 2.5 µm. The images were scanned by 8 bit plane mode at a scan speed of 6.40 µs/ pixel and the image size was 512×512 pixels, which corresponded to an area of 150 µm×150 µm.
Image Processing for pH Distribution
The images obtained were processed by LSM 510 software and analyzed by Image J software (developed at the U.S. national Institute of Health and available on the internet at http://rsb.info.nih.gov/ij). The ratio of pixel intensities of two images obtained from two wavelengths (450 nm, 520 nm) were calculated and correlated with pH from a standard curve independent of dye concentration. In order to eliminate the signal noise and obtain the accurate pixel value from the acquired images, the image processing procedures were evaluated first by checking the distribution of the fluorescent intensity, and the distribution of the intensity ratio of the standard pH solutions. The appropriate procedures were chosen to give the narrow Gaussian distribution function with a reasonably low standard error after fitting the pixel intensity distribution curve, similarly as previously described (23), and the average value was used to calculate the intensity ratio. The images were processed by repeated scan with frame averaging (n=8), followed by neighborhood averaging and applying the lowpass filter with the 3×3 kernel size, and the threshold values were used to eliminate the fluorescent effects from lower or higher dye concentrations (indicated by 1<pixel value<245). This allows the measured image detail to be evaluated exclusively in the concentration range of the standard curve. The photofading effect of the dye was found insignificant during the repeated scan.
Fluorescence Intensity Ratio vs. pH Standard Curve
The standard curve of fluorescence intensity ratio vs. pH was determined by using a universal buffer from pH 1.8 to 5.8 (buffer solution contained various amounts of 0.2 M boric acid, 0.05 M citric acid, and 0.1 M trisodium phosphate) (29) , and the concentration of Lysosensor yellow/blue dextran was 0.8, 1.2, 1.6, and 2.0 mg/ml.
Microclimate pH Distribution Kinetics Inside PLGA Microspheres
The microspheres (15 mg) were incubated in phosphate buffer saline containing 0.02% Tween 80 (PBST, pH=7.4) at 37°C and under agitation at 100 rpm. At predetermined time points, the release media was replaced with fresh buffer and a small amount of microspheres were removed and placed under the confocal microscope while focusing at the microspheres center to obtain images. When plotting pH distribution curves for microspheres, images of microspheres (n=20) were processed and the probability of pores having specific pH values was obtained by dividing the amount of pixels at the specific pH by total pixels in detectable aqueous pores. Varying amount of pixels in each processed image had either too low or high intensity ratios to be converted to μpH within the standard curve range. In such cases, those percentages were plotted at the boundaries of the μpH distributions accordingly.
Encapsulation Efficiency of Dye and Dye Release
The amount of dye encapsulated in PLGA microspheres was determined by direct recovery from the polymer matrix.
Freeze-dried microspheres were dissolved in acetone. The mixture was vortexed and centrifuged, and then the supernatant was removed. After the above procedure was repeated three times, the remaining pellet was reconstituted in PBST and measured for its fluorescence intensity by a fluorescent spectrometer (Instruments S.A., Inc., Edison, NJ) using Ex 365 nm and Em 520 nm. The dye content was determined from the standard curve made by dissolving a known amount of dye in PBST. The encapsulation efficiency (actual loading/ theoretical loading) was then calculated.
The released content of dye was also determined by fluorescence spectroscopy. Due to the possible change of medium pH during incubation (28), the emission wavelength was chosen to correspond to the isosbestic point (pHinsensitive) of the dye. The insensitivity of dye solution to pH at Em 490 nm was evaluated and standard curve was prepared using Ex 365 nm and Em 490 nm. The fluorescence intensity of the removed release media in Microclimate pH distribution kinetics inside PLGA microspheres was monitored and the released dye content was calculated from the standard curve.
RESULTS AND DISCUSSION
Confocal Imaging of Lysosensor Yellow/Blue ® and Image Processing
The critical importance of the use of dye conjugated with high molecular weight (10 kDa) dextran is to make the dye a long-term tracer and water-soluble macromolecule, which can prevent dye leaching out from polymer, and localize the dye in the aqueous pores similar to the behavior of proteins inside polymer delivery systems (22) . By contrast, small dyes without dextran conjugation often partition strongly in the polymer phase (30) . Lysosensor yellow/blue ® is sensitive to acidic pH changes due to its pyridyl group. The protonation of its pyridyl group with increasing pH causes a shift in its emission spectrum to a shorter wavelength. The ratio of the fluorescence intensities at two emission wavelengths, I 450 nm / I 520 nm , is strongly dependent on acidic pH in solution. Some important instrument parameters (e.g., objective lens type and magnification, detection gain, and pinhole) needed to be adjusted to obtain the images of dye solutions within the concentration range from 0.8 to 2.0 mg/ml, which gave pixel values neither fluorescent saturated nor below the detection limit. A standard curve based on ratiometric measurement was prepared at the current experimental conditions. Images were processed as previously described (23), and signal noise was significantly reduced to obtain narrow Gaussian distribution for the pH map of the standard pH solutions (23) . The pH was accurately determined within the range of ± 0.2 (data not shown), as found with dextran SNARF-1 ® in the neutral pH range (23) .
Before characterization of hydrated microspheres, several controls were performed and a standard curve was prepared. No fluorescent interference was found in controls of the following, as indicated by the complete absence of a fluorescent signal from the microscope at 450 and 520 nm (data not shown): a) mixtures of polymer and dextran-dye in solid form, b) wet and dry PLGA microspheres without dye, and c) dry PLGA microspheres encapsulated with dye. The standard curve of pH vs. intensity ratio was determined using standard buffer solutions of pH 1.8-5.8 with dye concentrations of 0.8, 1.2, 1.6, 2.0 mg/ml. As seen in Fig. 1 , a concentration-independent range was verified in the range from 0.8 to 2.0 mg/ml, and the pH sensitive range was 2.8-5.8. The ratio vs. pH curve was fit by the third-order polynomial function (r 2 =0.98). The pixel intensity values of the dye solutions at the lowest and highest concentrations at both emission wavelengths served as the threshold, and any value not within the range of I max and I min for both emission wavelengths was either not within the concentration range or the pH sensitive range of the standard curve.
Microclimate pH Distribution in PLGA Microspheres Prepared by w/o/w
We have demonstrated previously that the acidic µpH existing in PLGA delivery systems during incubation could be quantitatively predicted by a mathematical model from the polymer matrix content of water-soluble acidic polymer impurities and the build-up of degradation products as well as several other variables (e.g., polymer-water partition coefficient of the same acidic species) (31). Therefore, polymers with different polymer molecular weight and composition are reasonably predicted to have distinguished µpH distribution kinetics due to their different hydrolysis and mass transfer properties. In addition, selection of the appropriate polymer material to achieve the expected drug release time scale is normally a first consideration in formulation design. Hence, the effect of polymer materials on µpH distribution kinetics in PLGA microspheres was investigated by monitoring a time sequence of microspheres images, and microspheres were prepared by w/o/w. The typical images of those microspheres during incubation for 4 weeks are shown in Figs. 2 and 3 , with sizes of 45-65 µm and 90-125, respectively.
Effect of PLGA Molecular Weight on µpH Distribution Kinetics
The µpH distribution curve is shown in Fig. 4 for PLGA 50/50 with low (i.v.=0.2 dl/g) and high (0.6 dl/g) molecular weight (MW). Owing to water-soluble acid impurities (32), after 1 day incubation of low MW PLGA microspheres (Fig. 2A1-5 ) with size of 45-65 µm a mostly acidic μpH was recorded (average pH∼2.9) with some pores even out of the detection range (pH<2.8) (Fig. 4A1) . With increasing incubation time, the microspheres became less acidic with an average pH of 5.4 after incubation for 2 weeks. This pH rise is rationalized by the release of acids out of polymer and possibly to a lesser extent, penetration of buffer ions from outside medium. The effect was more pronounced for low MW PLGA, possibly because of a higher hydrophilicity and permeability to the acids. With longer incubation times, a region of neutral range pH around the microspheres' surface resembling a "ring" can be observed after 4 weeks (Fig. 2A5) . This phenomenon can also be clearly seen in larger size microspheres (Fig. 3A5) . However, after 4 weeks of incubation, the average pH in the microclimate inside microspheres became acidic again with a value of 3.0, likely due to the fast hydrolysis rate of polymer and the accumulation of the produced acids in the microenvironment. The images not 0.8 mg/ml 1.2 mg/ml 1.6 mg/ml 2.0 mg/ml only provided pH distribution inside microspheres, but also illustrated the morphology changes of microspheres during incubation. After 4 weeks (Fig. 2A5) , the morphology of microspheres showed the loss of structural integrity. By contrast, after 1 day of incubation, the average microclimate pH was less acidic (pH=3.0) in the PLGA 50/50 microspheres with high MW (Fig. 2B) . Also, fewer noticeable nonfluorescence emitting aqueous pores were observed, which appeared as black "holes" in the images (Fig. 2B1) . Although the pH also shifted toward the less acidic range (average pH= 3.6) after incubation for 2 weeks (Fig. 3B1) trend is again consistent with reduced polymer permeability to water-soluble acids as molecular weight increases. The continuous hydrolysis caused the pH inside microspheres to be more acidic again with the average pH of 3.4 after 4 weeks of incubation. A similar trend was also found in larger size (90-125 µm) microspheres ( Fig. 4A2 and B2 ).
Effect of Polymer Lactic/glycolic Acid Ratio on µpH Distribution Kinetics
To assess the influence of lactic/glycolic acid ratio on µpH, PLGAs at constant inherent viscosity (i.v.=0.6 dl/g) were examined at 50/50, 85/15, and 100/0 lactic/glycolic acid ratio. As shown in Fig. 5 , after incubation for 1 day, with the increasing lactic acid content, the µpH became less acidic, shifting from an average pH of 3.0 inside 50/50 to 3.4 and 3.6 inside 85/15 and 100/0, and less detectable aqueous pores were found in the images ("black holes" in images) (Figs. 2   and 3) . Again, the initial acidic pH was caused by the acid impurities from polymer materials and the polymer degradation. As incubation time proceeds, the less acidic environment is attributed to the slower degradation rate for higher lactic acid content polymers (0.103, 0.026, and 0.012 day −1 for 50/50, 85/15, 100/0, respectively (33)). Another interesting phenomenon was that μpH around surface areas of PLA microspheres was found to be > 5 and some pixels were even out of range (> 5.8) (Fig. 5C) , which suggested that a larger content of dye was exposed at the PLA surface relative to other polymers. A similar observation that protein particles were more clearly exposed partially in PLA microspheres than in other polymers from SEM results has also been observed (34) . As shown in Fig. 5 , after incubation for 2 weeks, for microspheres with the size of 45-65 µm, µpH in PLGA 50/50 became less acidic, shifting to an average pH of 3.6, as indicated above. After two more weeks, the pH became more acidic again, which was caused by the well- known build up of acid in polymer matrix due to continuous polymer degradation. A similar trend was found for PLGA 85/15. However, no significant shift in µpH was found for 100/ 0 after incubation for 2 weeks. This relatively constant pH can be due possibly to the combination effects of its slower polymer degradation rate and lower permeability to its degraded monomers (e.g., in side-by-side diffusion experiments, we have observed a much lower permeability of lactic acid in PLGAs relative to glycolic acid (35)), which resulted in the relatively constant content of acids in the polymer matrix. Although the average pH was similar (3.2-3.4) for all the polymers after 4 weeks of incubation, a higher percentage of acidic aqueous pores appeared inside PLGA 85/15 and 100/0, as indicated in Fig. 5B1 and C1 and significant regions with pH<3.4. This can be due to the higher permeability of PLGA 50/50 that facilitated acid diffusion out of polymer, which resulted in the appearance of some relatively more neutral pH (∼ 5) pores, as shown in Fig. 5A . The confocal images (Figs. 2 and 3 ) also showed that at the initial stage, especially for 85/15 and 100/0, although the microspheres were hydrated, the formed aqueous pores were small and could not have significant dye dissolved inside, which resulted in empty holes or low dye concentration giving weak fluorescent intensity ("black hole") and their pH could not be detected. It is also noted that with the increasing lactic acid content in polymer materials, more detectable aqueous pores distributed around the edge areas of microspheres at the initial stage, and the water pores at the inner side of microspheres kept growing from small to large and coalesced with neighborhood pores, and finally more detectable pores appeared on centric areas of microspheres after 4 weeks of incubation. This can be more obviously seen in large size microspheres, as in Fig. 3 . The appearance of the new dye loaded pores in the center of the microspheres can be rationalized by the continuous movement of dye within the microspheres as pores both open and close (36) .
Effect of Microspheres Size on µpH Distribution Kinetics
The effect of microsphere size (45-65 and 90-125 µm) on µpH distribution (Figs. 4 and 5 ) was found to be dependent on polymer materials. The common result for all polymers was that µpH was more acidic in larger size microspheres (90-125 µm) after incubation for 1 day except for PLA, which exhibited large domains of neutral pH above 5. 0.2 dl/g) microspheres became more acidic in the larger size microspheres both after incubation for 2 and 4 weeks. In contrast, the high MW PLGA 50/50 (i.v.=0.6 dl/g) exhibited less acidity after 4 weeks, but more acidity after 2 weeks in larger size microspheres. The effect of size on PLGA 85/15 and 100/0 microspheres was found less significant after 2 and 4 weeks of incubation, and there were more detectable pores in smaller size microspheres as there were more nonfluorescent "black holes" in images of larger size microspheres. After incubation for 1 day, the polymer degradation is expected to be insignificant, and acid content is mainly affected by the water-soluble acid impurities in the polymer and the rate of acid diffusion out of polymer. This limitation of diffusion is expected to result in the more acidic environment within larger microspheres, because of the longer diffusion path length. For example, because low MW PLGA 50/50 degraded most rapidly and showed higher permeability in both microspheres, the diffusion effect on pH controlled by the microsphere size became more pronounced. However, for high MW PLGA 50/50, because a more acidic environment in larger size microspheres facilitated autocatalytic degradation of the polymer, the increase in permeability with time would be expected to be more significant, providing an explanation for increased acid release for this polymer after 4 weeks. For PLGA 85/15 and 100/0, because of their relatively slower degradation rate and low permeability in both size microspheres, the effect of size was less significant over the time frame of the experiment.
Effect of Microsphere Preparation Method on µpH Distribution Kinetics
Images of PLGA 50/50 (i.v.=0.6 dl/g) microspheres prepared by w/o/w and o/o were compared in Fig. 6 . The microspheres studied were both in the size range of 45- (Fig. 6) . The results of less acidic environment inside o/o prepared microspheres monitored by confocal imaging were consistent with the previous result of protein stability (28) . Compared to microspheres prepared by w/o/w, the stability of bovine serum albumin (BSA) was improved significantly by the o/o method. Although no exact reasons were proposed for this improved stability in this report, the less acidic environment we monitored here likely was the cause of this improved BSA stability. The reasons why o/o prepared microspheres had less acidity remain unclear. Possible reasons include increased porosity and higher residual solvent, both of which would result in more rapid water-soluble acid diffusion out of the polymer matrix.
Microclimate pH Distribution in Microspheres Prepared
by PLGA/PEG Blends PEG at 20% by weight was blended with PLGA 50/50 (i.v=0.2 dl/g and 0.6 dl/g) solutions and microspheres were prepared by the o/o method. Microspheres aggregated during preparation when polymer concentration was 700 mg/ml for the low MW polymer. Therefore, a lower concentration (500 mg/ml) was used for PLGA with i.v. 0.2 dl/g and the concentration of 300 mg/ml was used for PLGA with i.v. 0.6 dl/g, as done in the absence of PEG. The microenvironment in PLGA/PEG microspheres was much less acidic than PLGA microspheres without PEG, as shown in Figs. 8 and 9 . The pH of most aqueous pores inside the high MW polymer exhibited pH>5 during incubation for 4 weeks, and similar results were found for low MW PLGA/PEG blends, except there were some acidic pores at 1 day with average pH of 3.8 and 4.0 at 2 weeks, indicative of the higher hydrolysis rate when the MW becomes very low (37) . In both microspheres, the pH in some pixel domains was even out of the detection range (pH>5.8).
The relatively more neutral pH inside PLGA/PEG blends was previously proposed by Lavelle (38) and Jiang (28) as the evidence of significantly improved ovalbumin and BSA stability in PLGA/PEG microspheres (28, 38) . The results here further provided direct evidence with the visually observable images of the microsphere microenvironment. Because of the high hydrophilicity and solubility of PEG in water, blending it with PLGA increases the water uptake (28) , which may dilute the acid concentration inside the polymer system. The dissolution and diffusion out of PEG also likely creates more water channels that increased the permeability of polymer matrix, resulting in an increased rate of acid release. In addition, the plasticization effect of PEG may increase the apparent diffusivity of acids by increasing the polymer chain mobility. Complete incorporation of PEG into PLGA matrix in PLGA/PEG microspheres prepared by o/o has been confirmed previously by infrared spectroscopy analysis (28) . Therefore, less observable aggregated large size pores and relatively more homogeneous distribution of pH could be due to the homogeneous blending between PEG and PLGA, and the more hydrophilic property of polymer matrix facilitated the homogeneous diffusion and distribution of water molecules to form only evenly distributed small pores instead of clustered large pores. Because of the resolution limit of microscopy, those relatively smaller pores incubation time (days) could not be individually visualized, and it only showed more homogeneous color emitted by dye.
Dye Release from Microspheres
The loading efficiency was ∼ 90% and ∼40% for the o/o and w/o/w methods, respectively, with the slight variation among different formulations. Therefore, the different theoretical loading was used in these two methods in order to achieve similar actual loading in the final products, i.e., theoretical loading was 0.8% and 0.4% for w/o/w and o/o methods. In Fig. 10 the dye release from microspheres is displayed during 4 weeks of incubation. There was a 1-to 2-week induction period for PLGA 50/50 followed by faster dye release after 3 weeks, consistent with expected biomacromolecule release and indicative of dye availability for the microclimate pH measurement. However, there was little dye release from PLGA 85/15, and 100/0 after 1 week. Compared to microspheres prepared by w/o/w, there was a higher burst release for microspheres prepared by o/o method, and dye released faster thereafter. The addition of 20% PEG significantly increased dye burst release, and dye release was almost complete (∼ 90%) after 4 weeks.
CONCLUSIONS
When large proteins and other pH-sensitive bioactive substances are dissolved in the aqueous pores in the PLGA matrix, these substances are most commonly subject to an uncontrolled pH environment. Here we demonstrated quantitative microclimate pH distributions over the acidic range inside the polymer matrix (2.8<µpH<5.8) and demonstrated definitively how several formulation variables, particularly PEG blending, are critical to µpH kinetics. These observations are entirely consistent with our experience of pH-sensitive reactions, e.g., with BSA and camptothecins, occurring in the polymer matrix if this pH is not controlled at optimal levels. Hence, coupling the current method with that previously developed with a neutral pH-sensitive dye, SNARF-1 ® dextran (5.8-8.0), should provide us with microclimate pH mapping over the entire useful pH range (2.8-8.0) for optimization of PLGA delivery of pH-sensitive bioactive substances.
